Members of the Galaxauraceae are all calcified and have a wide distribution from tropical to temperate regions. Of the four genera of Galaxauraceae, only Dichotomaria contains two distinct thallus forms, which are (1) a flattened form with either narrow (e.g. D. marginata) or wide (e.g. D. diesingiana) branches, and (2) a terete form with either slender (e.g. D. papillata) or robust (e.g. D. obtusata) branches. In this study, we present a molecular phylogeny of new Dichotomaria samples from the Indo-Pacific region and describe a new species, D. hommersandii S.L. Liu & S.M. Lin, from South Africa, based on rbcL sequence analysis and morphological evidence. Dichotomaria hommersandii is characterized by a thallus consisting of terete smooth branches (0.5-1.5 mm in diameter), a moniliform branching pattern with constrictions at the nodes, ramification of young branches derived from the damaged terminal regions of the old branches, and cystocarps containing a conspicuous fusion cell. Our phylogenetic analyses indicate that the terete thallus morphology could be the ancestral character state in Dichotomaria.
Introduction
The family Galaxauraceae (Nemaliales) consists of a group of calcareous red algae that are widely distributed from tropical to temperate shallow waters (Kjellman, 1900; Huisman, 2006; Wang et al., 2005) . Until recently, seven genera were included in the family, including three calcified genera (Actinotrichia, Galaxaura and Tricleocarpa) and four noncalcified genera (Scinaia, Gloiophloea, Nothogenia and Whidbeyella). Huisman et al. (2004a) established the family Scinaiaceae for the four noncalcified genera, based on an LSU sequence analysis, and resurrected the genus Dichotomaria, which was previously synonymized under Galaxaura. Later, Wang et al. (2005) characterized the genera Dichotomaria and Galaxaura based on cystocarp development and inferred the generic relationships between these calcified algae based on rbcL sequence analyses.
The four genera of the Galaxauraceae can now be separated morphologically by their life history and post-fertilization development of cystocarps. The life history comprises isomorphic thalli in Actinotrichia (Wang & Chiang, 2001; Liu & Wang, 2009) , isomorphic thalli with a dimorphic cortex in Dichotomaria (Kurihara et al., 2005; Wang et al., 2005) , dimorphic thalli in Galaxaura (Huisman et al., 2004b; Wang et al., 2005) , and heteromorphic thalli in Tricleocarpa (Magruder, 1984, as Galaxaura oblongata) . Although some might argue that the life history could be described as dimorphic (i.e. with dimorphism of either the thalli or the cortex) in both Galaxaura and Dichotomaria (e.g. Howe, 1917 Howe, , 1918 Huisman & Borowitzka, 1990) , Wang et al. (2005) suggested that the term should be restricted to the dimorphism of the thalli -the non-hairy gametophyte and hairy tetrasporophyte -in the life cycle of Galaxaura, in contrast to the isomorphic thalli seen in Dichotomaria (smooth gametophyte and tetrasporophyte). The reason is that it is preferable to use 'dimorphism' to refer to macroscopic differences and the dimorphism in Dichotomaria can only be seen microscopically; hence it is more appropriate to apply the term only to Galaxaura, not to Dichotomaria. With respect to cystocarp development, pericarp filaments in Dichotomaria never extend into the cystocarp cavity and never intermix with the gonimoblast filaments (Wang et al., 2005) . In contrast, pericarp filaments in both Actinotrichia and Tricleocarpa can extend from the inner cystocarp wall and produce numerous paraphyses that may or may not intermix with the gonimoblast filaments (Huisman & Borowitzka, 1990; Liu & Wang, 2009 ). The pericarp of Galaxaura only surrounds the carpogonial branch and never the gonimoblast filaments (Wang et al., 2005; Liu et al., 2012) .
Of the four genera of the Galaxauraceae, only Dichotomaria displays gross variation in thallus morphology, ranging from flattened forms (e.g. D. diesingiana and D. marginata), to terete forms (e.g. D. obtusata) (Huisman et al., 2004a; Wang et al., 2005) , whereas the other three genera contain only terete species. As yet, it is unknown whether the terete or the flattened thallus represents the most recent common ancestral thallus morphology in Dichotomaria.
Recently, we obtained specimens from South Africa that were identified by Max H. Hommersand as an unknown Galaxaura species. The external morphology of these specimens was similar to Galaxaura in having a narrow terete thallus. However, an rbcL sequence generated from one of these samples suggested that it was phylogenetically allied to Dichotomaria. In this study, the goals were twofold. First, we made a wider study of Galaxauraceae, using rbcL sequence and parsimonious trait evolution analyses, to examine phylogenetic relationships and the evolution of thallus development in Dichotomaria. Second, we aimed to describe the unknown 'Galaxaura' species formally (as a new Dichotomaria), based on molecular and morphological evidence, and to provide a comparative table to aid identification.
Materials and methods

Sample collection and morphological examinations
Samples were collected from exposed rocks at low tide. After collecting, each new specimen was immediately subdivided, with part of the specimen preserved in silica gel for molecular analysis and the remainder placed in 5-10% formalin for morphological observations. The 1983 collection was only preserved in 5-10% formalin. Voucher specimens were deposited at the University of California Herbarium at Berkeley in USA (UC), the Department of Biology, University of North Carolina in USA (UNC), the Department of Life Science, Tunghai University in Taiwan (TUNG), and the Herbarium, Biodiversity Center, Academia Sinica, Taipei in Taiwan (HAST). For morphological observations, terminal portions of branches were decalcified by immersing in 1-3% HCl solution and then either squashed or sectioned by hand using a razor blade. Squashed or transverse sections were stained either in 1% aniline blue (AB) overnight or with aceto-haematoxylin-chloral hydrate (AHC) (Wittmann, 1965) . The AB-treated materials were mounted in 50% Karo corn syrup solution, whereas the AHC-treated materials were mounted in 50% Hoyer's mounting medium. Photographs were taken using a Canon EOS600D digital camera (Tokyo, Japan) mounted on a Leica DM750 light microscope (Frankfurt, Germany). Drawings of female reproductive structures were made with the aid of a Leica camera lucida (Frankfurt, Germany).
DNA sequencing and phylogenetic analyses
Genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instruction manual. Gene amplification and DNA sequencing procedures followed Lin et al. (2001) and Wang et al. (2005) . Specific primers used for gene amplification and sequencing are listed in Lin et al. (2001) and Saunders (2005) . The sequencing was conducted using an ABI 3730 DNA Sequencer (Applied Biosystems, Foster, California) at the Mission Biotechnology Company (Taipei, Taiwan). The rbcL and COI-5P sequences for D. hommersandii were deposited in GenBank (accessions JX072968 and KC253901, respectively). Information concerning the taxa included in the phylogenetic analysis is given in the Supplementary Table. For phylogenetic analyses, additional rbcL sequences from 26 representative ingroup taxa belonging to the Galaxauraceae were downloaded from GenBank (Supplementary Table) . Two members of the family Scinaiaceae were also obtained from GenBank and served as the outgroup (Supplementary  Table) . Prior to the phylogenetic analyses, the sequences were aligned using MUSCLE with the default settings (Edgar, 2004) , then manually refined using BioEdit (Hall, 1999) . Phylogenetic analysis was conducted using a Maximum Likelihood (ML) method and a Bayesian Inference method. Before ML analysis, we used MEGA5 (Tamura et al., 2011) to find the best nucleotide substitution model for our dataset, out of the 24 models included. The Tamura-Nei model (Tamura & Nei, 1993 ) + gamma distribution + invariable sites was selected as the best fit because of the lowest BIC (Bayesian information criterion) score. The parameters were as follows: assumed nucleotide frequencies A = 0.3191, T = 0.3077, C = 0.1609, G = 0.2123; nucleotide substitution matrix with A-T = 0.04, A-C = 0.02, A-G = 0.09, T-A = 0.04, T-C = 0.18, T-G = 0.03, C-A = 0.04, C-T = 0.35, C-G = 0.03, G-A = 0.13, G-T = 0.04, G-C = 0.02; proportion of sites assumed to be invariable = 0.5837; and rates for variable sites assumed to follow a gamma distribution with the shape parameter = 1.5025. Phylogenetic inference by ML was also computed using MEGA5. Support for nodes was determined by using the bootstrapping method (Felsenstein, 1985) with 1000 bootstrap replicates of ML analyses. The pairwise divergence of rbcL sequences among different specimens or between any two different lineages was estimated using a Maximum Likelihood method. When calculating the pairwise divergence, the function "pairwise deletion" was used in MEGA5, because the rbcL sequences of some taxa were incomplete. In the Bayesian Inference method, four chains of the Markov Chain Monte Carlo (one hot and three cold) were implemented starting with a random tree using the software MrBayes v3.1.2 (Huelsenbeck & Ronquist, 2001) . One tree from every 1000 generations was sampled over the course of 1 000 000 generations. Seventy-five per cent of trees at the stationary phase were saved when the average standard deviation of split frequencies was below 0.008. The phylogenetic inference was based on one of those saved trees. The posterior probabilities for nodes were estimated by computing the 50% consensus tree [majority rule as implemented in PAUP* v.4.0 beta 10 (Swofford, 2003) ] from the saved trees.
Results
Molecular analyses
The COI-5P sequence (KC253901) was not used for phylogenetic analysis but was obtained to enable future barcoding comparisons. The rbcL sequence alignment initially included 1467 characters, but the first 87 sites were excluded from further phylogenetic analysis because information was missing at the 5′ end of the rbcL sequences in many species. In total, 1380 nucleotide positions were used to infer the phylogenetic relationships of Galaxauraceae.
The tree topology derived from the ML method was largely congruent with that of the Bayesian analysis, and only the ML tree is presented (Fig. 1) . The molecular analyses showed that the species from the four genera (Dichotomaria, Tricleocarpa, Galaxaura and Actinotrichia) grouped into four monophyletic assemblages with moderate to strong support. Within the Dichotomaria assemblage, the species grouped into six well-supported clades (I-VI). The basal clade (clade I) consisted of our newly generated sequence from the South African entity (described here as D. hommersandii sp. nov.: see below), which has a terete thallus. The rbcL pairwise genetic distances between D. hommersandii and the other Dichotomaria species were 6.8-8.3% (Tamura-Nei model In contrast to the other three genera that only possess terete thalli, Dichotomaria possesses a wider variability of the thallus morphology from an evolutionary standpoint, switching back and forth between the terete and flattened thallus morphologies (see Fig. 31 for details).
Morphological observations
Based on the rbcL sequence analyses, as well as the morphological features described below, it was evident that the narrow terete species from South Africa is distinct from any currently recognized species in Dichotomaria or Galaxaura, although it must be noted that rbcL sequences have yet to be obtained for many putative Dichotomaria species. Therefore, we describe the South African species here as a new species. A tabular key to the terete species of Dichotomaria and Galaxaura that have been described is given in Table 1 .
(Figs 2-30)
DESCRIPTION: Thalli up to 20 cm tall, dark red when dried, heavily calcified, articulated, dichotomously branched every 5-20 mm, arising from a small hirsute discoid holdfast up to 0.5 cm in diameter. Branches terete, up to 1.5 mm in diameter, composed of pseudoparenchymatous cortex with 3 (or 4) cell layers and a filamentous medulla. Dioecious. Carpogonial branches three-celled, consisting of a carpogonium, a hypogynous cell, and a basal cell. Post-fertilization carpogonium cutting off a gonimoblast initial laterally, this subsequently producing numerous gonimoblast filaments directly. Hypogynous cell cutting off several sterile branches with enlarged nuclei during cystocarp development, and the basal cell producing involucral filaments that form a pericarp surrounding the sterile branches from the hypogynous cell and the gonimoblast filaments. The pit connections between several inner gonimoblast cells, the basal gonimoblast initial, the carpogonium, the hypogynous cell, and the basal cell break down and a distinct long fusion cell is formed. Cystocarp conceptacles hemispherical, 550-700 μm in diameter, with moderately diffuse gonimoblasts. Carposporangia obovoid to ovoid, 8-20 μm wide by 20-50 μm long.
ETYMOLOGY: The species epithet 'hommersandii' honours Professor Max Hommersand in recognition of his long-lasting contributions to the study of the reproductive biology and systematics of red algae.
MISAPPLIED NAME (PRESUMABLY IN PART): Galaxaura obtusata sensu Papenfuss et al. (1982, p. 437, fig. 16 For the definitions of pleurosporangiatae-type and acrosporangiatae-type tetrasporangia, see Svedelius (1942) .
Habit. The thalli are erect, branched, up to 20 cm in height (2, 3), and dark red to pink in colour when dried. The thalli possess prostrate fibrous holdfasts approximately 0.5-1 cm in diameter (Fig. 2) . The main axes are regularly dichotomously branched with internodes 5-20 mm long and 0.5-1.5 mm wide (Figs 2, 3) . Branches are heavily calcified and are very stiff in the lower old parts, whereas young branch tips are less calcified and become compressed when dried. Throughout the thallus, the branches appear to be highly articulated due to constrictions forming both at and between nodes (Figs 2, 3), giving a moniliform appearance (Fig. 3) . The outer surface of branches, except for the holdfast, is very smooth without any assimilatory filaments in the examined female plants. The thallus grows primarily via apical meristems at the tips of branches or from the lesion regions of old branches (Fig. 5) that have regenerated meristems. Occasionally, numerous long assimilatory filaments arise from the joints of branches (Fig. 6) . During cystocarp maturation, obvious ostioles can be found scattered over the surface of the upper parts of the thallus, except the nodes (Fig. 7) . (Fig. 10) , 25 µm (Fig. 11 ) and 15 µm (Fig. 12 ).
Figs 13-22. Dichotomaria hommersandii, cystocarp development. (Natal, South Africa). 13. Young carpogonial branch showing carpogonium (c) with trichogyne (t), hypogynous cell (h) producing several enlarged sterile branches (arrowheads), and basal cell (b) bearing few involucral filaments (arrows). 14. Developing carpogonial branch showing carpogonium (c) with trichogyne (t), hypogynous cell (h) producing some enlarged sterile branches (arrowheads) with enlarged stained nuclei, and basal cell (b) bearing several involucral filaments (arrows). 15. Developed carpogonial branch showing carpogonium (c) with trichogyne (t), hypogynous cell (h) producing some enlarged sterile branches (arrowheads) with enlarged stained nuclei, and basal cell (b) bearing more involucral filaments (arrows) that surround the basal cell and the hypogynous cell. 16. Post-fertilization carpogonial branch showing fertilized carpogonium (c) with trichogyne (t), gonimoblast initials (gi), enlarged sterile cells (arrowheads) with dark stained nuclei derived from hypogynous cell, and involucral filaments (arrows) originated from basal cell. Note that the disconnection between the gonimoblast initial and the hypogynous cell is caused by the squashing preparation. 17. Post-fertilization carpogonial branch showing fertilized carpogonium (c), gonimoblast initials (gi) cut off the first cell of the gonimoblast filament (gf), hypogynous cell (h) producing enlarged sterile cells (arrowheads) with dark stained nuclei, and basal cell (b) bearing some involucral filaments (arrows). 18. Post-fertilization carpogonial branch showing fertilized carpogonium (c) with trichogyne (t), gonimoblast initials (gi) bearing few gonimoblast filaments (gf), enlarged sterile cells (arrowheads) derived from hypogynous cell, and involucral filaments (arrows) originated from the basal cell. 19. Cross-section through a young cystocarp showing developing gonimoblast filaments (gf) borne on a large fusion cell (fc) that incorporates gonimoblast initial (gi), hypogynous cell (h) and basal cell (b). Enlarged sterile cells (arrowheads) produced from the hypogynous cell and numerous loosely arranged involucral filaments (arrows) issued from basal cell are not involved in the formation of the fusion cell. 20. Cross-section of mature cystocarp showing gonimoblast filaments (arrowheads) terminally bearing carposporangia (cp), a distinct fusion cell (fc) at basal (continued )
Vegetative structure. As only female gametophytes were collected, it is not known whether the tetrasporophyte is externally similar to the gametophyte. Cross sections show that calcification occurs primarily in the medullary region (white deposits in Fig. 8 ). After decalcification, the medullary region can be seen to be loosely arranged and surrounded by a firm outer cortical layer (Fig. 9) . Except for the fertile region, the cortex consists of three to four layers of cells and is up to 100 μm thick (Figs 10, 11) . The cortical cells of the innermost layer are 25-40 μm wide by 40-60 μm long and are rectangular or lobed. Those of the middle layer are ovoid or obovoid and 25-35 μm wide by 25-40 μm long; those in the outermost layer are smaller still and slightly obpyramidal, 15-25 μm wide by 15-25 μm long (Fig. 11) . In surface view, the outermost cortical cells are polygonal and four-to six-sided (Fig. 12) . The inner part of the internodes is composed of medullary filaments that are approximately 15 μm in diameter (Fig. 10) .
Reproductive morphology. Male gametophytes and tetrasporophytes were not found, and only female specimens were examined. Cystocarps are distributed throughout the thallus except for the basal part and the nodes. Carpogonial branch initials are cut off from cortical cells near branch apices. Young carpogonial branches consist of a flask-shaped carpogonium with a long trichogyne, a cylindrical hypogynous cell, and an obovoid basal cell (Figs 13, 23 ). Before fertilization, three to four sterile branches are produced from the hypogynous cell (Figs 14, 15, 24, 25) and several involucral filaments arise from the basal cell (Figs 14, 24) . During maturation of the carpogonial branch, the carpogonium remains one-celled, but the involucral filaments develop further to surround the basal cell and the sterile cells derived from the hypogynous cell (Figs 15, 25) . Following presumed fertilization, the carpogonium (zygote) divides laterally to produce a gonimoblast initial (Figs 16, 26) . The remaining part of the carpogonium is undifferentiated with the long trichogyne, and then the gonimoblast initial produces a primary gonimoblast cell (Figs 17, 27) . The primary gonimoblast first divides transversely and then produces a cluster of gonimoblast filaments laterally (Figs 18, 28) . The nuclei of the hypogynous cell and its derived sterile branches enlarge (Figs 14, 15, 17, (24) (25) (26) (27) (28) . At an early stage in post-fertilization development, the pit plugs between the basal gonimoblast cells, the hypogynous cell, and the basal cell broaden, and then the involucral filaments derived from the basal cell divide further to form a pericarp surrounding the hypogynous cell, the sterile branches, and the gonimoblast filaments (Figs 19, 29) . During maturation of the cystocarp, the sterile branches derived from the hypogynous cell stop dividing and remain distinct 29) . During the further development of the cystocarp, the secondary gonimoblast filaments are cut off from the primary gonimoblast filaments, and the pit plugs between the gonimoblast initial, the innermost cells of the primary gonimoblast filaments, the hypogynous cell, and the basal cell break down and form a distinct fusion cell (Figs 19, 29) . Mature cystocarps are hemispherical and 550-700 μm in diameter (Figs 20, 30) . Ellipsoid or obovoid carposporangia, 8-20 μm in diameter by 20-50 μm long, are cut off terminally from the secondary gonimoblast filaments (Figs 20, 22, 30) . New carposporangia are often produced within the sheaths of old carposporangial walls, from the terminal cell of secondary gonimoblast filaments (arrows in Figs 22, 30 ).
Discussion
The rbcL sequence analyses show that Dichotomaria comprises at least six distinct clades with two thallus forms (Fig. 1 , clades I-VI). The genus is distributed in various geographical localities in the Caribbean Sea, and the western Pacific and Indian Oceans. The basal clade (I) is a terete species (our newly recognized D. hommersandii) that has been found only at the Riet River Rocks, South Africa, but may be more widely distributed in colder regions of the Indian Ocean when more collections are made or herbarium specimens from the region are examined. Our analyses indicate that not all flattened species of Dichotomaria are closely related. Dichotomaria diesingiana and D. australis (clade II, flattened form) are only found in the cold-temperate areas of the Cape region (Papenfuss et al., 1982; Huisman, 2006) , South Africa, and southeast Australia, and are sister to a large assemblage containing the majority of Dichotomaria species with both flattened and terete thalli (clades III-VI). Interestingly, clade III comprises a terete species, D. papillata from southern Japan and two flattened species, D. falcata and D. apiculata, which are distributed in Japan and Korea (Lee & Lee, 1989; Kurihara et al., 2005) , indicating that this evolutionary clade may be restricted to the cold-temperate region of the northwestern Pacific Ocean. Dichotomaria obtusata (clade IV, terete form) and species of the D. marginata-tenera complex (clade VI, flattened form) are (Figs 14, 15, 19 ) and 100 µm (Fig. 20) . widely distributed from the tropical to warm temperate areas within each of the Caribbean Sea and the Indo-Pacific region (Papenfuss et al., 1982; Huisman & Borowitzka, 1990) , whereas D. spathulata (clade V, flattened form) is primarily distributed in southwestern Australia (Huisman, 2006) , indicative of an endemic species in the cold-temperate area in the southeastern Indian Ocean. A restricted biogeographical distribution of D. spathulata has been recently revisited by Huisman (2006) and its broad distribution record in AlgaeBase (Guiry & Guiry, 2012) may be due to a liberal species concept (references cited in Huisman, 2006) . Alternatively, the sampling effort for this species has still not reached saturation. Overall, two trends can be observed in our phylogenetic analyses. First, except for the species complexes in D. marginata and D. obtusata, different clades of Dichotomaria seem to be restricted to different oceanic regions, implying that the speciation of Dichotomaria may have been largely allopatric (i.e. associated with isolation by geographical barriers). Second, the three evolutionary lineages of terete species (clade I, D. papillata in III, and clade IV) seem to contain fewer species than the other clades (II, D. falcata-apiculata in III, V and VI), suggesting that the gain of a flattened thallus morphology might facilitate species diversification. However, these suggestions are only tentative and need to be reassessed following better sampling of the genus on a global scale.
However, in contrast to the prevailing evidence of allopatric speciation in Dichotomaria, we found two unexpected cases in which geographically distant specimens of flattened species differed very little in rbcL sequence. The first case is D. marginata, in which specimens from southeast Asia (Papua New Guinea and the Philippines) differ from those from the Caribbean Sea (Guadeloupe) by only 0.3% (Fig. 1) ; the second case is the 0.6% divergence between South African and Gulf of California D. marginata-tenera (Fig. 1) . In general, an rbcL sequence divergence of > 2% in red algae represents different species (e.g. Freshwater & Rueness, 1994) . If we apply this to the two cases mentioned above, it would require that some Dichotomaria species have exhibited longrange dispersal across separated oceanic basins. How could this occur? One possible explanation is that D. marginata has been introduced recently via human activities, either intentionally (by aquaculture) or unintentionally (by hull-fouling or the release of ballast water), as with various other alien marine organisms (Padilla & Williams, 2004; Molnar et al., 2008) . Another possibility is that the rbcL marker is not sensitive enough to detect cryptic species of D. marginata. A less conserved barcode marker such as COI-5P could be used to investigate these findings in greater detail (Saunders & MacDonald, 2010) . Even so, our observations indicate that the separation of any such cryptic D. marginata species (or populations) is evolutionarily recent.
Although some significant and extensive taxonomic studies on the Galaxauraceae have been published (Kjellman, 1900; Papenfuss et al., 1982) , our study has shown some species with terete thalli remain unrecognized. Our molecular analyses showed that Dichotomaria 'obtusata' with articulated branches from South Africa in the western Indian Ocean contains two different clades, one that can correctly be referred to as D. obtusata and the other corresponding to D. hommersandii sp. nov. (Fig. 1) . Two species of Dichotomaria (D. obtusata and D. papillata) and five terete or subterete Galaxaura species (G. lenta, G. barbata, and G. paschalis, G. articulata and G. infirma) have been reported from the Indo-Pacific region. The five terete or subterete species of Galaxaura were divided into two sections by Kjellman (1900) and in subsequent studies. These are (1) the section Brachycladia, in which the cortex is characterized by having stalk cells between epidermal cells and inner cortex; and (2) the section Vepreculae, in which the cortex possesses numerous club-like papillae derived from the epidermal cells (Børgesen, 1924; Tanaka, 1935; Svedelius, 1945 Svedelius, , 1953 Chou, 1947; Papenfuss et al., 1982) . Section Brachycladia includes G. lenta, G. barbata and G. paschalis, while section Vepreculae includes G. articulata and G. infirma. There has been discussion about the correct classification of the species in sections Brachycladia and Vepreculae, and it has been suggested on the basis of molecular evidence that they may belong to the genus Dichotomaria (Huisman et al., 2004a; Kurihara et al., 2005) . Unpublished rbcL data support the view that some Galaxaura species, but not G. lenta, G. barbata and G. paschalis, which comprise a separate clade, are closely related to Dichotomaria species (A. Kurihara, personal communication) . Specifically, G. infirma and G. articulata seem to be phylogenetically close to the D. marginata assemblage (A. Kurihara, personal communication) , despite the similarity of G. articulata to D. hommersandii and D. obtusata in external thallus morphology and internal cortical structure. To facilitate the recognition of D. hommersandii, we herein provide a morphological comparison among D. hommersandii, D. obtusata, D. papillata and the five Galaxaura species, and demonstrate that D. hommersandii is morphologically different from these species.
With respect to morphology, Dichotomaria hommersandii can be separated from D. obtusata and G. lenta by having finer terete branches (0.5-1.5 mm, as opposed to 1.5-3.0 mm for D. obtusata and 2.5-3.0 mm for G. lenta: Table 1 ). Although the branch diameter of D. hommersandii is more similar to D. papillata, G. barbata, and G. infirma (Kjellman, 1900; Tanaka, 1935 Tanaka, , 1936 Chou, 1947; Svedelius, 1953) , the external thallus morphology and internal cortical structure of D. hommersandii differ from those found in these three species, but are similar to those of D. obtusata and G. articulata (having a moniliform thallus morphology; Table 1 ). Both G. infirma and G. articulata show a subterete branching pattern (i.e. terete in the lower portion of the thallus but slightly complanate in the upper portion of the thallus: Svedelius, 1953 ; A. Kurihara, personal communication), which was not observed in D. hommersandii. Although the branch width of G. paschalis was not mentioned when it was described (Børgesen, 1924) , D. hommersandii can easily be distinguished from G. paschalis by its lack of conspicuous whorled assimilatory filaments on the smooth surface of branches (Table 1) .
Overall, it should be straightforward to distinguish D. hommersandii from other terete or subterete species by external and internal morphology. To check further that the new species has not been described previously or passed by because of broad species definitions (or under a wrong name), we compared the branch width of D. hommersandii with that of species placed in the section Dichotomaria by Kjellman (1900) , because Kjellman (1900) probably placed most terete members of Dichotomaria in this section (Huisman et al., 2004a) . Table 2 summarizes the relevant data and shows that most species of section Dichotomaria in Kjellman (1900) possess wider branches than those of D. hommersandii (Table 2) , but information on the branch width of three of Kjellman's species, 'G. obtusata', 'G. umbellata' and 'G. decaisnei' (all considered to be synonyms of Dichotomaria obtusata: Guiry & Guiry, 2012) , is lacking in the original descriptions. The type locality (West Indies) of these three different species are remote from that of D. hommersandii. The branch width of D. obtusata from the Atlantic Ocean is much greater than that of D. hommersandii (Wynne, 2011) and the partial rbcL sequence of a D. obtusata specimen from North Carolina clusters with the D. obtusata assemblage (S.-L. Liu, unpublished data), indicating that D. hommersandii differs from D. obtusata from the Atlantic Ocean. Our literature review did not reveal any evidence that D. hommersandii has been described under another name in the past.
Considering that the taxonomy of the calcified genera of Galaxauraceae has received much attention and been studied extensively (Kjellman, 1900; Papenfuss et al., 1982) , why has D. hommersandii not been described in the literature? One explanation is that the thallus branching pattern and cortical features of gametophytes of D. hommersandii and D. obtusata are highly similar. For instance, both species often show a moniliform branching pattern with a 3 (4)-celled cortex in the gametophytes (Table 1) , which may have led to the two being merged by Papenfuss et al. (1982) , despite their very different branch widths. Another explanation is the lack of consensus in defining species. At one extreme is the very restricted species concept of Kjellman (1900) , who erected many Galaxaura species on the basis of small variations in external morphology. The other extreme is the liberal species concept proposed by Table 2 . Thallus width of species under the section Dichotomaria in Kjellman (1900) .
Taxon
Thallus width (mm) Type locality Papenfuss et al. (1982) , which was subsequently promoted by Huisman & Borowitzka (1990) . They allowed single species Galaxaura to possess a wider range of external variation and sunk many Kjellman's species name into a few representative species. When Papenfuss et al. (1982) reported a specimen from Riet River, South Africa, in which our new species was found, they identified it as Galaxaura obtusata (= D. obtusata) because, according to their broad species definition, thallus width of G. obtusata could range between 1.0 and 3.5 mm. An examination of this specimen from the University of California Herbarium at Berkeley (PR-XLVIII-159, collected 1962) clearly showed a very narrow terete thallus morphology (branches 0.5-1.5 mm in diameter) with obvious constrictions at the nodes and internodes, as in our specimens. Furthermore, the anatomy of the cortex and the reproductive structures are also congruent with D. hommersandii. Thus we conclude that Papenfuss et al. confused G. obtusata and D. hommersandii based on the similarity of their thallus morphology. More generally, it is now clear from molecular analyses that the diversity of Galaxauraceae is much higher than previously appreciated and many of Kjellman's species that were sunk by Papenfuss et al. (1982) and Huisman & Borowitzka (1990) now require re-examination; we advocate a much narrower species definition in Galaxauraceae. However, one caveat is that it should be safe to sink some of Kjellman's species into synonymy because the dimorphic cortical structures of gametophyte and tetrasporophyte in Galaxaura and Dichotomaria were considered as different species by Kjellman (1900) , an interpretation shown to be wrong based on molecular analyses (Huisman et al., 2004b; Kurihara et al., 2005; Liu et al., 2013) . When Wang et al. (2005) and Liu & Wang (2009) examined cystocarp development in Actinotrichia, Dichotomaria and Galaxaura, they proposed that the size of fusion cells might be an important character for delineating relationships among different genera of Galaxauraceae, the fusion cell being much larger in Galaxaura than in either Actinotrichia or Dichotomaria. However, compared with D. obtusata and the D. marginata assemblage, D. hommersandii possesses a much larger fusion cell, since this incorporates the gonimoblast initial, several inner gonimoblast cells, the hypogynous cell, and the basal cell. It seems, therefore, that the size of the fusion cell may be only a specieslevel character, instead of a character that can be relied upon for the separation of genera in Galaxauraceae.
Our study has revealed a few features that can be used to circumscribe D. hommersandii with respect to other Dichotomaria species, namely: (1) a thallus morphology showing a very narrow terete branching pattern with a smooth surface and sometimes moniliform shape, and (2) a large fusion cell. The first morphological feature is unique to D. hommersandii compared with other flattened (or even terete/subterete) members of Dichotomaria. The size of the fusion cell has been examined in only a limited number of Dichotomaria species and so the usefulness of this character for distinguishing Dichotomaria species requires further works.
Our phylogenetic analyses reveal that D. hommersandii is sister to all other Dichotomaria species. This, together with the terete nature of the next most closely related genera (Tricleocarpa, Galaxaura and Actinotrichia: Fig. 31 ), indicates that the terete thallus morphology is probably ancestral in Dichotomaria. Accordingly, we can propose two possible evolutionary progressions of thallus morphology in Dichotomaria based on the most parsimonious criterion (Fig. 31) . In both of these, at least three thallus transitions occurred. In the first scenario, the first transition, from a terete to a flattened form, occurred after the Fig. 31 . Two competing most-parsimonious speculative evolutionary progressions of thallus morphology in Dichotomaria. Rectangular lines on the branch indicate the transition events between the terete and flattened thallus morphology over the evolution of Dichotomaria. Abbreviation: T, the terete form; F, the flattened form.
split between D. hommersandii and the remaining Dichotomaria species. The second and third transitions, both from the flattened to the terete form, occurred on the branches leading to the D. obtusata assemblage and D. papillata, respectively. In contrast, in the second scenario three independent transitions, all from the terete to the flattened form, occurred in the branches leading to the D. marginata-spathulata lineage, the D. falcata-apiculata lineage and the D. australis-diesingiana lineage. Better taxon sampling may reveal which of these scenarios is closer to the truth.
